1. Introduction {#s0005}
===============

Prospective studies show that most individuals who are exposed to threat-related adversity (e.g., violence, abuse) are resilient - that is, they show stable trajectories of healthy psychological and interpersonal functioning over time ([@bb0020]). Children appear to be particularly resilient, with research suggesting that only a subset of children exposed to adversity will subsequently develop negative outcomes, such as psychopathology ([@bb0045]; [@bb0080]; [@bb0115]; [@bb0195]; [@bb0200]; [@bb0320]). Despite this, most research on neurodevelopmental changes following adversity has focused on the neural correlates of *negative* outcomes, such as psychopathology. Research into the neurobiological mechanisms underlying resilience may provide new insights into positive neural adaptation following adversity, and may open new avenues for interventions - informed by developmental neuroscience -- to promote *positive* outcomes for children exposed to adversity.

Interest in the underlying neurobiology of resilience has grown over the past decade (see review by [@bb0260]). Studies in humans have associated various peripheral neuroendocrine markers, including cortisol, testosterone, and dehydroepiandrosterone (DHEA), with a more resilient phenotype. Research in laboratory animals suggests that these neuroendocrine findings are accompanied by various neural and molecular adaptations. Interestingly, these studies indicate that resilient individuals not only show an absence of key molecular abnormalities that occur in susceptible individuals, but also show a separate set of *active* molecular adaptations that promote coping and adaptive behavioral functioning. These active neuroadaptations are consistent with the definition of resilience in the psychological literature - a multidimensional trait that reflects an individual\'s ability to cope with stressful or adverse experiences ([@bb0050]; [@bb0160]). Empirical data suggest that trait resilience, as measured by the widely used Connor-Davidson Resilience Scale (CD-RISC; [@bb0050]), is comprised of several adaptive psychological processes and characteristics (e.g., persistence, hardiness; [@bb0035]).

Despite the conceptualization of resilience as a collection of positive trait attributes and neuroadaptations, most research into the underlying neural bases has operationally defined resilience as the non-emergence of psychopathology or symptomology following adversity (e.g., [@bb0235]; [@bb0340]; [@bb0330]; [@bb0355]). These neuroimaging studies have documented reduced threat-related amygdala and insula reactivity, altered reward-related responding in corticostriatal reward circuitry, and widespread changes in regional brain volumes in individuals who did not develop psychopathology. To our knowledge, only five neuroimaging studies have assessed the neural correlates of *trait* resilience ([@bb0060]; [@bb0220]; [@bb0255]; [@bb0345]; [@bb0360]). Of note, these studies are all in adults. These studies similarly implicate several brain areas in trait resilience, including the insula, cingulate cortex, medial temporal lobe, and prefrontal cortex. Given that these regions span core neurocognitive networks for emotion regulation, attention, and executive control, it has been hypothesized that resilience is related to dynamic interactions of distributed brain areas operating in large-scale neurocognitive networks ([@bb0085]). For example, trait resilience may relate to more flexible and efficient responding across brain networks that regulate coping behavior, affective processing, and attentional control ([@bb0295]; [@bb0335]).

One way to measure flexibility in interactions between brain networks is to assess dynamic, or time-varying, patterns of resting-state functional connectivity (rsFC). For example, in an independent pediatric sample, we have recently demonstrated several distinct patterns of rsFC between core neurocognitive networks that re-occur over time and across participants ([@bb0185]). The present study aimed to examine, for the first time, the functional neural correlates of trait resilience in a pediatric sample. We tested for links among trait resilience and dynamic as well as conventional static (i.e., averaged across the entire session) rsFC of core neurocognitive networks in children and adolescents. Based on previous findings in adults, we focused on three neurocognitive core networks: (1) the default mode network (DMN), involved in self-reference, introspection, and social cognition (see review by [@bb0250]); (2) the central executive network (CEN), involved in working memory, inhibitory control, and higher-order reasoning ([@bb0365]), and (3) the salience and emotion network (SEN), involved in attention, homeostatic and emotion-related processing, and regulating interactions within and between the DMN and CEN ([@bb0270]; [@bb0305]). For example, an adult neuroimaging study found a positive association between a more resilient personality profile (i.e., low neuroticism and above average openness, extraversion, agreeableness, and conscientiousness) and rsFC between the SEN and DMN ([@bb0120]). Based on these findings and the view that higher trait resilience is related to lower susceptibility to rumination and/or mind-wandering ([@bb0215]), and increased SEN-DMN rsFC has been observed in depressed individuals ([@bb0170]), we predicted more resilient children to show lower SEN-DMN rsFC, which may reflect better attentional control over mind-wandering. In addition, consistent with the view that individuals with higher trait resilience have greater inhibitory control over emotion processing regions ([@bb0085]), we predicted that more resilient children would show increased rsFC between the SEN and CEN across the entire scan (i.e., static rsFC). Further, based on findings that individuals with emotion dysregulation (e.g., depression) demonstrate higher within-network rsFC of the DMN ([@bb0105]; [@bb0230]), we predict lower within-DMN rsFC in youth with higher trait resilience. By measuring dynamic rsFC, these neural patterns may be more prominent in certain brain configurations -- or 'connectivity states', measured during the scan. Of note, although the basic structure and function of the DMN, CEN, and SEN are established early in life (see review by [@bb0210]), the interactions within and between these networks continue to develop across the first two decades of life ([@bb0185]; [@bb0325]). Thus, it is also possible that resilience relates to different patterns of rsFC in adults than in a pediatric sample.

In addition, given (1) that studies consistently report negative associations between trait resilience and psychopathology (e.g., depressive symptoms; [@bb0145]; [@bb0150]; [@bb0280]), and (2) that depressive symptoms are related to altered rsFC within and between the DMN, CEN, and SEN (e.g., [@bb0105]; [@bb0205]; [@bb0285]), we tested associations between depressive symptoms and static and dynamic rsFC, to assess whether functional neural correlates differ from those associated with resilience. These results would support the notion that neural mechanisms of positive adaptations (e.g., trait resilience) may be distinct from those associated with pathology (e.g., depression). Similarly, although the effects of early adversity on resilience are mixed (see for e.g., [@bb0265]; [@bb0275]), previous studies indicate that early adversity alters rsFC within and between the CEN, DMN, and SEN (e.g., [@bb0125]; [@bb0180]; [@bb0230]). Thus, we additionally tested for potential effects of early adversity on rsFC, and tested whether the observed effects differ from those associated with resilience.

2. Material and methods {#s0010}
=======================

2.1. Participants {#s0015}
-----------------

This functional magnetic resonance imaging (fMRI) study reports on 55 children and adolescents (ages 6--17 years, *M* = 10.59, *SD* = 3.23, 51% female). Although participants were not recruited for race or economic standing, the study was conducted in an urban setting (Detroit, Michigan, USA). As a result, the study sample was economically and racially diverse (see [Table 1](#t0005){ref-type="table"}), with a large percentage of youth at risk for emotional psychopathology via socioeconomic disadvantage (i.e., lower income). In addition, several participants were recruited for increased risk of emotional psychopathology via exposure to early threat-related adversity (violence, abuse exposure, intensive medical treatments; see [Table 1](#t0005){ref-type="table"}). This served to improve our ability to draw initial links among resilience, brain connectivity, and indices of psychological health. In addition, evaluation of resilience in an at-risk sample is consistent with the notion of 'stress inoculation' -- in that moderate levels of adversity may be needed to promote adaptive coping responses (see [@bb0260]). Children with and without histories of adversity exposure did not differ in trait resilience, motion (mean framewise displacement \[FD\]), depression, or age (*p*\'s \> 0.07).Table 1Participant demographics.Table 1n (%)m (SD)RangeGenderFemale28 (50.9)Male27 (49.1)Age (years)10.59 (3.23)6.33--17.83Pubertal stageTanner stage2.46 (1.31)1--5Early/mid pubertal32 (58.18)1--2Mid/late pubertal20 (36.36)3--5Not reported3 (5.45)  Race/ethnicityAfrican American23 (41.82)Caucasian23 (41.82)Latino/Latina2 (3.64)Other3 (5.45)Not reported4 (7.27)IQ102.02 (15.59)58--131Household annual income\<10,0004 (7.27)\$10--20,0004 (7.27)\$20--30,00010 (18.18)\$30--40,0004 (7.27)\$40--50,0002 (3.64)\$50--60,0005 (9.09)\$60--80,0007 (12.73)\$80--100,0002 (3.64)\$100--120,0001 (1.82)\$120,000+11 (20)Not reported5 (9.09)Community distress score60.48 (36.70)1.0--99.4Low distress (0−20)12 (21.81)20--405 (9.09)40--6010 (18.18)60--802 (3.64)Distressed (80--100)26 (47.27)Highly distressed (\>90)23 (41.82)Exposure to threat-related adversity21 (38.18)Threat-related adversity type endorsedExposure to domestic violence3 (14.29)Exposure to other violence5 (23.81)Physical abuse7 (33.33)Sexual abuse2 (9.52)Emotional abuse4 (19.05)Childhood cancer9 (42.86)More than one type6 (28.57)Trait resilienceCD-RISC-10 total score29.75 (7.37)10--40Not reported4 (7.27)Depressive symptomsCDI-S total score2.40 (2.39)0--10Above threshold23 (41.82)Movement during scan (mm)Mean FD0.25 (0.25)0.07--1.68

Participants were recruited locally through advertisements, mental health service providers, or a pediatric oncology clinic (Children\'s Hospital of Michigan). Study exclusionary criteria included: English as a second language, significant learning disorder, history of traumatic brain injury, neurological or movement disorders, or presence of MRI contraindications. Participants recruited from the oncology clinic had finished active treatment for at least two months prior to their participation in the study.

The present study was approved by the Institutional Review Board of Wayne State University. Parental informed written consent and child/ adolescent assent were obtained prior to study participation.

2.2. Self-report measures {#s0020}
-------------------------

Due to the relatively wide age range, all participants were assisted in completing self-report measures by clinically trained research staff (postdoctoral fellow or advanced clinical psychology doctoral student). Participants completed a 10-item version of the CD-RISC ([@bb0035]), which evaluates trait resilience over the past month. The CD-RISC has been previously used in 6--16 year old children and adolescents ([@bb0070]; [@bb0350]), and assesses the ability to adapt or cope with stress and adversity. All youth endorsed understanding the questions and, to rule out potential effects of age, we computed internal consistency across the sample and within the younger age group specifically (median split). Cronbach\'s alpha was 0.86 across the sample, and 0.80 within the younger age group (6--9.75 years old), suggesting good internal consistency. These consistency values are similar to those reported among young adults (alpha value of 0.85; [@bb0035]). Possible CD-RISC-10 scores range from 0 to 40, with higher scores corresponding to higher levels of trait resilience. Prior factor analysis of CD-RISC-10 scores in adults suggests two separate dimensions (i.e., persistence and hardiness; [@bb0035]). In studies with pediatric samples, however, only one factor emerges, suggesting that these separate dimensions observed in adults may be less distinct in children ([@bb0065]; [@bb0225]). In line with these results, factor analysis of CD-RISC-10 scores here, using Varimax rotation, supported a one-factor solution (eigenvalue = 4.51). This single factor explained 45% of the variance, and all items loaded highly onto this factor (all *r*\'s \> 0.5).

Using the self-reported Tanner stages questionnaire ([@bb0175]), average Tanner stage was 2.46 ('early-mid' pubertal; *SD* = 1.31). The sample was average in IQ (*M =* 102.02, *SD =* 15.59), estimated using the KBIT-2 ([@bb0110]). Participants also completed a standardized self-report measure of depressive symptoms over the past two weeks (Children\'s Depression Inventory - short form, CDI-S; [@bb0130]).

2.3. MRI data acquisition, preprocessing, and Denoising {#s0025}
-------------------------------------------------------

MRI data were acquired on a 3 T Siemens MAGNETOM Verio scanner (MR Research Facility, Wayne State University), using a 32-channel head coil. Participants completed a 10 min 17 s resting-state scan, during which they were instructed to lay awake with their eyes closed. Foam padding was used to reduce motion during the scan. Whole-brain fMRI data were collected using a multi-echo/multi-band (ME/MB) echo-planar imaging sequence, customized for the scanner and for pediatric neuroimaging: 51 slices, 186 mm field of view (FOV), 64 × 65 matrix size yielding 2.90 mm isotropic resolution, in-plane GRAPPA acceleration factor 2, flip angle (FA) = 83 degrees, repetition time (TR) = 1.50 s, and echo time triplet (TEs) = 15, 31, 46 ms. A whole-brain anatomical image was collected during the scan session, using a magnetization prepared rapid acquisition GRE (MP-RAGE) sequence: 128 slices, 256 mm FOV, 384 × 384 matrix size yielding 0.70 × 0.70 × 1.3 mm resolution, in-plane GRAPPA acceleration factor 2, FA = 9 degrees, TR = 1.68 s, TE = 3.51 ms.

ME/MB fMRI data were preprocessed and denoised using custom ME-ICA software (v3, beta 1; <https://bitbucket.org/prantikk/me-ica>). ME-ICA applies independent components analysis (ICA) to decompose ME fMRI datasets into independent components, that are then categorized as BOLD or non-BOLD (noise) based on their TE-dependence ([@bb0135]). These components are then optimally combined into a denoised fMRI timeseries that reflects the T2\* weighted averaging of timeseries from each echo. Of note, previous studies demonstrate that ME-ICA is an effective means for reducing non-BOLD artifact, enhancing specificity, and improving fMRI effect sizes and thus statistical power ([@bb0140]; [@bb0155]).

The preprocessing pipeline in ME-ICA includes: (1) skull-stripping and warping of the anatomical image to the Montreal Neurological Institute (MNI) template, (2) co-registration of the first echo timeseries for motion correction and for anatomical-functional co-registration, (3) de-obliquing of the functional data, and (4) 12-parameter affine anatomical-functional co-registration. In addition, the first 15 s of data were removed to allow for signal equilibration. No temporal filtering or smoothing was applied to the data. See [@bb0135] for further information.

We took several steps to reduce the potential influence of motion-related artifact in the data. First, participants viewed a movie about MRI to prepare them for their visit (available at [www.tnp2lab.org/think-study-video](http://www.tnp2lab.org/think-study-video){#ir0010}), underwent pre-training in a mock MRI scanner, and a research assistant remained in the room with the child during the entire length of the scan. Second, we used multi-echo fMRI acquisition and ME-ICA denoising strategies ([@bb0135]). ME-ICA allows for a more principled removal of non-BOLD signals from fMRI data by acquiring both fMRI signal time series and their NMR signal decay ([@bb0135]). This circumvents the need for the application of traditional denoising strategies that apply arbitrary spatial or temporal smoothing (e.g., bandpass filtering) and/or result in the removal of large amounts of data (e.g., scrubbing). Of note, even prior to ME-ICA denoising, head motion was relatively low across the sample (see [Table 1](#t0005){ref-type="table"}). For participants in the higher range of motion, ME-ICA sufficiently flattens out the DVARS trace (i.e., rate of change of BOLD signal across the entire brain at each time point; [@bb0245]), see [@bb0190] for demonstration. Additionally, mean FD was not related to our main variable of interest, trait resilience (*r* = 0.16, *p* = 0.27), nor depressive symptoms (*r* = −0.04, *p* = 0.76). Next, we used group ICA (described below) to identify network components of interest (i.e., DMN, CEN, and SEN), thus effectively discounting non-BOLD signal components. Additional steps were taken to address potential motion-related artifact in the derived component timeseries, following group ICA (component "postprocessing"; [@bb0030]). In particular, high-motion frames were replaced with the best estimate using a third-order spline fit to the clean portions of the timeseries, following prior work ([@bb0005]). Outliers were detected based on the median absolute deviation, as implemented in 3dDespike (<http://afni.nimh.nih.gov/afni>). Of note, we chose to replace, rather than remove, high-motion frames, as removing frames would compromise the subsequent sliding window dynamic rsFC approach. This approach also ensures that participants contribute an equal number of time points to the analysis.

2.4. Group ICA and component identification {#s0030}
-------------------------------------------

The dimensionality of each participant\'s dataset was estimated using ME-ICA, as the number of BOLD components derived from that individual\'s timeseries data. This information was used to determine the number of components to be derived at the group level. For all participants, each individuals\' optimally combined and denoised timeseries data were submitted to a group-level spatial ICA to identify DMN, SEN, and CEN. ICA was implemented in the GIFT toolbox (v.4.a; [http://mialab.mrn.org/software/gift/](http://mialab.mrn.org/software/gift){#ir0020}), and 12 components were derived using the Infomax algorithm, repeated 20 times in ICASSO to estimate stable components. Twelve components were chosen based on the dimensionality of individual subjects\' datasets, and also to limit the number of comparisons by deriving 1--2 components per network of interest. Group ICA results in a set of group aggregate spatial maps that are then back reconstructed into single subject space. Each back-reconstructed component consists of a spatial *Z*-map reflecting the network\'s coherent activity across space and an associated time course reflecting network activity over time. See [Fig. 1](#f0005){ref-type="fig"}a for overview of the ICA approach.Fig. 1Schematic representation of group-level independent component analysis (ICA) and static and dynamic resting-state functional connectivity (rsFC) estimation. a) Preprocessed and de-noised resting-state datasets (*N* = 55) were submitted to a group-level ICA to identify 12 spatially-independent and temporally synchronous components (networks). Five of these components were identified as neurocognitive networks of interest (i.e., DMN, SEN, CEN; see [Fig. 2](#f0010){ref-type="fig"}). Components were then back reconstructed into individual participant space to produce single-participant network time courses and spatial maps; b) Conventional static rsFC was computed as Fisher\'s *Z*-transformed Pearson correlations between network components of interest, averaged across the entire resting-state scan. Dynamic rsFC was computed using a sliding windows analysis and k-means clustering of Fisher\'s *Z*-transformed Pearson correlations. Here, five dynamic rsFC states were identified that re-occurred across the scan and across participants.Fig. 1

Following group ICA, five components of interest were identified using a combination of visual inspection and spatial template-matching (i.e., correlation between the template image and component map of interest): ventral DMN (vDMN), anterior DMN (aDMN), left CEN (lCEN), right CEN (rCEN), and SEN (see [Fig. 2](#f0010){ref-type="fig"}). Templates and further details regarding component identification is described in detail in our prior work ([@bb0185], [@bb0190]). Observed group aggregate spatial maps of the 5 components of interest ([Fig. 2](#f0010){ref-type="fig"}) align with neurocognitive networks reported in prior work ([@bb0055]).Fig. 2Spatial maps of five core neurocognitive networks of interest identified using group-level independent components analysis. Coordinates are provided in MNI convention.Fig. 2

2.5. Dynamic and static rsFC estimation {#s0035}
---------------------------------------

Individual participant component network maps were used to estimate dynamic and conventional static rsFC between network components (see [Fig. 1](#f0005){ref-type="fig"}b), following our prior work ([@bb0185], [@bb0190]). Static rsFC was measured using estimates of covariance between network components, averaged across the entire resting-state scan. Dynamic rsFC was estimated using a sliding windows approach and k-means clustering (see [Fig. 2](#f0010){ref-type="fig"}b and [@bb0185] for description of parameters).

2.6. Statistical analysis {#s0040}
-------------------------

Using Pearson bivariate correlation analyses in IBM SPSS v.23, we tested for associations between resilience scores and measures of dynamic and conventional static rsFC. Given the relatively wide age range (6--17 years) and a negative association between trait resilience and depressive symptoms in this sample, (*r* = −0.470, *p* \< 0.001), age and depressive symptoms were controlled for in all analyses to better isolate the effects of resilience. For static rsFC, we evaluated strength of rsFC between network components, averaged across the experiment. For dynamic rsFC, we investigated (1) the number of state transitions, as well as (2) mean dwell time (i.e., how long a participant is in each state), and (3) fraction of (total) time spent in each state. To limit the number of comparisons, we evaluated effects of resilience on (4) strength of between-network rsFC only for states showing an association between resilience and dwell time or fraction of time spent in that particular state. In addition, to test whether effects of depressive symptoms were overlapping with those of resilience, we also tested for main effects of depressive symptoms on static and dynamic rsFC. All results were considered significant at *p \<* 0.05, two-tailed.

3. Results {#s0045}
==========

3.1. Trait resilience and depressive symptoms {#s0050}
---------------------------------------------

Trait resilience scores in the sample ranged from 10 to 40 (see [Table 1](#t0005){ref-type="table"}) and were comparable to previous findings in adults ([@bb0040]). Trait resilience was negatively associated with depressive symptomology (*r*\[51\] = −0.47, *p* \< 0.001), but not related to trauma exposure, or other demographic variables (i.e., age, pubertal maturation, IQ, gender, race, income). Depressive symptom scores ranged from 0 to 10 (see [Table 1](#t0005){ref-type="table"}), and 42% of participants exceeded the threshold suggested for detecting pathological depression (CDI-S ≥ 3; [@bb0010]). Thus, although formal diagnostic testing was not performed here, this standardized measure suggests a significant number of youth at risk for emotional psychopathology.

3.2. Static rsFC across the sample {#s0055}
----------------------------------

Static rsFC across the sample was characterized by positive rsFC within the DMN (i.e., between the vDMN and aDMN components), between SEN and lCEN, and between rCEN and both DMN components (see [Fig. 3](#f0015){ref-type="fig"}, top). Negative rsFC was observed between the aDMN and both the SEN and lCEN. These patterns resemble those observed in prior rsFC studies in adults and in children ([@bb0170]; [@bb0190]).Fig. 3Static (top) and dynamic (bottom) resting-state functional connectivity (rsFC) across the entire youth sample (*N* = 55). Static rsFC is computed as the correlation between core neurocognitive network components, averaged across the entire resting-state scan. Dynamic rsFC is computed using a sliding-windows analysis and k-means clustering. Percentage of occurrence is listed for each dynamic state, over the course of the scan and averaged across participants. Abbreviations: ventral default mode network, vDMN; anterior default mode network, aDMN; salience and emotion network, SEN; right central executive network, rCEN; left central executive network, lCEN.Fig. 3

3.3. Dynamic rsFC across the sample {#s0060}
-----------------------------------

The dynamic rsFC analysis identified 5 connectivity states that re-occurred throughout the scan and across participants (see [Fig. 3](#f0015){ref-type="fig"}, bottom). The observed dynamic states were replicated across time and over participants, and importantly, diverged in part from the pattern of static rsFC (compare with [Fig. 3](#f0015){ref-type="fig"}, top). Connectivity State 1 was characterized by positive rsFC of the rCEN with the vDMN, aDMN, and lCEN, and positive rsFC between the two DMN components. State 2 was characterized by overall weak rsFC among all network components, apart from positive rsFC between the SEN and lCEN. State 3 was characterized by positive rsFC of the aDMN with the vDMN and rCEN, positive rsFC between SEN and lCEN, and negative rsFC between the SEN and lCEN. State 4 was characterized by positive rsFC between all networks; a state that has been observed in prior dynamic rsFC studies in adults ([@bb0005]) and in an independent youth sample ([@bb0185]). In State 5, rsFC among network components was generally diffuse apart from positive rsFC between the aDMN and rCEN.

3.4. Trait resilience and static rsFC {#s0065}
-------------------------------------

There was no significant association between trait resilience scores and static rsFC between networks, *p*\'s \> 0.05. Of note, there were no direct effects of age on static rsFC.

3.5. Trait resilience and dynamic rsFC {#s0070}
--------------------------------------

Dynamic rsFC analyses revealed that children with higher trait resilience score overall spent a significantly lower fraction of time in State 5 (*r*(47) = −0.35, *p* = 0.01; see [Fig. 4](#f0020){ref-type="fig"}a--b). There was no significant association between trait resilience score and overall number of dynamic state transitions or with dwell time in any State. Given the observed association between trait resilience and fraction of time spent in State 5, we tested for associations between resilience and strength of between-network rsFC within this State. Within State 5, higher trait resilience was associated with lower SEN rsFC with both the rCEN (*r*(43) = −0.49, *p* = 0.001) and aDMN (*r*(43) = −0.32, *p* = 0.03; see [Fig. 4](#f0020){ref-type="fig"}c--d). Follow-up analyses additionally controlling for income, age, pubertal stage, and early adversity found that the effects of resilience on fraction of time in State 5 and on SEN-right CEN connectivity within State 5 remained significant (*p* = .04 and *p* = .001, respectively). However, the effect of resilience on SEN-anterior DMN connectivity in State 5 became *p* = .054.Fig. 4Effects of resilience on state-specific SEN resting-state functional connectivity (rsFC) and fraction of time spent in State 5. a) Trait resilience was negatively associated with fraction of time spent in State 5; b) Within State 5, resilience was associated with a state-specific reduction in SEN rsFC with aDMN and rCEN; c) Visualization of state-specific reduction in SEN rsFC with aDMN and rCEN; d) Visualization of SEN-aDMN and SEN-rCEN rsFC values plotted by participants\' trait resilience scores. Abbreviations: ventral default mode network, vDMN; anterior default mode network, aDMN; salience and emotion network, SEN; right central executive network, rCEN; left central executive network, lCEN.Fig. 4

3.6. Depressive symptoms and static rsFC {#s0075}
----------------------------------------

There was a significant association between static rsFC and depressive symptoms such that higher depressive symptoms were associated with lower static rsFC between the aDMN and vDMN components (*r* = −0.30, *p* = 0.03). However, this effect appeared to be driven by an outlier (CDI *Z* score \> 3) and the effect became nonsignificant after removing that individual.

3.7. Depressive symptoms and dynamic rsFC {#s0080}
-----------------------------------------

There was no direct effect of depression on dwell time or fraction of time spent in any dynamic state for the full sample, or after the potential outlier was removed. Taken together, these results suggest that effects of resilience on rsFC are also not associated with depressive symptoms. Moreover, there were no effects of depressive symptoms on dynamic or static rsFC.

3.8. Adversity exposure and static rsFC {#s0085}
---------------------------------------

There were no significant differences in static rsFC between groups (adversity-exposed vs. control, *p*\'s \> 0.3).

3.9. Adversity exposure and dynamic rsFC {#s0090}
----------------------------------------

Although there was no group difference (adversity, control) in trait resilience, there were group differences in rsFC during State 5. Interestingly, effects of adversity on rsFC within State 5 were distinct from those associated with resilience. In particular, youth exposed to adversity demonstrated increased rsFC between the SEN and lCEN (*t*(49) = 2.92, *p* = 0.005), and between the vDMN and rCEN (*t*(49) = 2.31, *p* = 0.025) in State 5, relative to their unexposed peers. There were no group differences in dwell time or fraction of time spent in any dynamic state (*p*\'s \> 0.1).

4. Discussion {#s0095}
=============

To date, most research on neurodevelopmental consequences of childhood adversity has focused on neural consequences of negative outcomes (e.g., psychopathology) rather than resilience. This study is the first to examine the neural correlates of trait resilience in youth, and we applied complementary measures of static and dynamic rsFC in a sample of at-risk children and adolescents (i.e., sociodemographic risk, frequent exposure to adversity). In line with previous reports, higher trait resilience was related to lower levels of depressive symptomology in our sample (see meta-analysis by [@bb0095]). In addition, we found that trait resilience was related to functional neural dynamics and interactions between neurocognitive networks over time. In particular, dynamic rsFC analyses revealed that children with higher trait resilience spent less time in a dynamic state characterized by positive rsFC between the aDMN and rCEN, a pattern that may reflect increased higher-order control over spontaneous processing of internal stimuli (e.g., passive autobiographical memory recall, prospection; [@bb0300]). Within this dynamic state, more resilient children exhibit lower rsFC of the SEN, involved in emotional and attentional control, with other core neurocognitive networks. Of note, the effects of resilience on rsFC were significant when controlling for depressive symptoms, and there were no significant direct effects of depression on dynamic rsFC, suggesting unique patterns. Similarly, although adversity exposure was not related to static rsFC, there were effects of adversity on dynamic rsFC; however, these effects were independent of those associated with resilience. Research into the brain systems underlying resilience in children and adolescents may lead to better means of promoting positive adaptation following exposure to stress or adversity.

4.1. Trait resilience is related to fraction of time spent in a dynamic state {#s0100}
-----------------------------------------------------------------------------

We found that children and adolescents with higher trait resilience spent a lower fraction of time in dynamic State 5, characterized by heightened aDMN connectivity with the vDMN and rCEN. Prior findings suggest these functional connectivity patterns, namely, hyperconnectivity of the DMN (see review by [@bb0090]) and heightened rsFC between regions of the DMN and CEN ([@bb0100]), may underlie rumination and sustained attention to negative cognitions that hallmark depression. Thus, our results suggest that more resilient youth may be less likely to visit a neurocognitive configuration that might reflect an immersion into negative internalized experience. Interestingly, however, these effects were observed when controlling for levels of depression, and direct effects of depression were not detected for fraction of time spent in State 5. This suggests that the observed effects are driven by positive attributes (i.e., resilience) rather than by the presence or absence of depressive symptomology.

4.2. Trait resilience is related to a state-specific reduction in rsFC of the SEN {#s0105}
---------------------------------------------------------------------------------

We found that more trait resilient children and adolescents demonstrate lower rsFC of the SEN with the rCEN and aDMN within State 5. Interestingly, these associations were not significant for static rsFC, averaged across the scan, suggesting a state-specific effect of resilience. Prior research examining structural neural markers of trait resilience in adults have documented volumetric differences in core regions of the CEN (e.g., parietal lobe) and the SEN (e.g., anterior cingulate cortex, amygdala; [@bb0085]), implicated in executive control and emotional arousal, respectively. In addition, a functional neuroimaging study of trait resilience in adults demonstrated that higher trait resilience was associated with less prolonged response of the insula, a core SEN region, to neutral images presented after a "threat" cue ([@bb0360]). The authors interpreted this finding as indicating that more resilient individuals are better able to control the SEN to adaptively use emotional resources. Similarly, one study in trauma-exposed adults found that high trait resilience was related to increased activity in SEN and CEN areas involved in emotion regulation (i.e., thalamus, middle frontal gyrus) while reading trauma vs. neutral scripts ([@bb0060]). Given the role of the SEN and the CEN in emotional arousal in executive control, respectively, the observed negative association between resilience and SEN-rCEN rsFC may reflect a better ability to engage executive control processes without emotional inputs when evaluating potential threats, or better higher-order control over emotional responding.

During State 5, more resilient children and adolescents also demonstrated lower SEN-aDMN rsFC. Heightened SEN-DMN rsFC is observed during acute detection of threats ([@bb0075]) and exaggerations in this circuitry are implicated in vulnerability to PTSD and other emotion-related disorders among adults (see review by [@bb0165]; [@bb0310]). Therefore, elevated SEN-DMN rsFC may contribute to aberrant detection of threat or abnormal saliency processing, a hallmark of several emotion-related disorders. In support of the notion that *reduced* SEN-DMN rsFC may be protective, a recent study demonstrated that, among trauma-exposed adults, those with higher trait resilience demonstrated reduced rsFC between key nodes of the DMN and SEN ([@bb0025]). Another recent study in adolescents with histories of depression found a positive association between self-reported rumination and rsFC between core SEN (i.e., amygdala) and DMN (i.e., PCC) regions ([@bb0240]). Therefore, lower state-specific SEN-aDMN rsFC observed here among more resilient children may reflect lower susceptibility to (or, protective against) patterns of both maladaptive/altered saliency processing and negative self-referential cognitions.

4.3. Trait resilience is not related to within-network rsFC of the DMN {#s0110}
----------------------------------------------------------------------

Studies have repeatedly reported changes in intrinsic functional connectivity of the DMN in emotion dysregulation (e.g., depression; [@bb0105]). We did not find effects of trait resilience on within-DMN rsFC. This is consistent with the idea that the effects of trait resilience may be independent of those associated with emotion dysregulation.

4.4. Effects of depressive symptoms differ from effects of resilience on rsFC {#s0115}
-----------------------------------------------------------------------------

Importantly, the neural correlates of resilience were not related to depressive symptoms. These results support the view that neural correlates of positive adaptations (e.g., trait resilience) may be distinct from those associated with pathology (e.g., depression).

4.5. Null effects of early adversity on resilience in this sample {#s0120}
-----------------------------------------------------------------

Here, we did not find direct effects of early adversity or pubertal stage on resilience. The findings in the literature on the effect of early adversity and puberty on resilience (as measured by the CD-RISC) are mixed (see for e.g., [@bb0265]; [@bb0275]). Effects of adversity on resilience may depend on severity, developmental stage, or type of adversity (see [@bb0260]). Nonetheless, given evidence that early adversity and pubertal stage have been shown to affect rsFC within and between the DMN, SEN, and CEN (e.g., [@bb0125]; [@bb0180]; [@bb0230]), we performed additional analyses controlling for these variables. These additional analyses suggested that the observed effects of resilience on fraction of time in State 5 and on SEN-right CEN connectivity within State 5 remained significant. However, the effect of resilience on SEN-anterior DMN connectivity in State 5 became *p* = .054. In addition, we examined potential direct effects of adversity on static and dynamic rsFC. Although resilience did not differ between groups (adversity, control), there were group differences in dynamic rsFC within State 5. However, the effects of adversity on dynamic rsFC differed from those associated with resilience (i.e., affected SEN-lCEN connectivity and vDMN-rCEN). These findings reinforce the notion that neural correlates of resilience and adversity are separate.

4.6. Limitations {#s0125}
----------------

Our findings must be interpreted considering several limitations. First, we examined the relationship between trait resilience and brain function during a resting-state condition, rather than during an experimental task ([@bb0360]). However, patterns of brain connectivity during the resting-state have been shown to correspond with task-related brain activation across a wide range of psychological and cognitive tasks ([@bb0290]; [@bb0315]). Given that resilience is considered to be a multi-dimensional trait, it is unclear whether the neural correlates of resilience will be best captured within the context of a single experimental paradigm. Second, our indices of resilience and depressive symptoms were trait measures, and it may be that state-like measures are associated with different effects on rsFC. However, rsFC is considered to be a trait-like measure of functional brain organization (e.g., [@bb0015]). Third, although we took several measures to account for developmental effects on results, including assistance with self-report measures, evaluation of internal consistency in reporting among younger youth, controlling for age and additionally for pubertal stage, the age range was relatively wide (ages 6--17 years). Future studies with larger sample sizes are needed to evaluate potential age-related changes in neural correlates of resilience. Fourth, the study sample included a large portion of youth at risk for emotional psychopathology by way of sociodemographic risk factors (e.g., lower income) and/or exposure to early adversity, which may limit the generalizability of findings to lower risk populations. Yet, at-risk populations are largely understudied in the context of neuroscientific research, and research on the neural correlates of resilience in at-risk youth may pave the way for future interventions aimed at improving outcomes for populations with the highest need.

4.7. Conclusions {#s0130}
----------------

While both task-related and resting-state functional neuroimaging have been used to investigate the neural correlates of trait resilience in adults, parallel studies do not yet exist in children or adolescents (see review by [@bb0335]). This is despite evidence that the brain systems involved in trait resilience in adults (i.e., CEN, SEN, DMN) undergo substantial development across the first two decades of life ([@bb0185]; [@bb0325]). The present study is the first report on the neural correlates of trait resilience in a pediatric sample, and offers initial insight into potential adaptive patterns of brain organization in the context of environmental stressors. Future studies will be crucial to elucidate the relationship between trait resilience and both static and dynamic rsFC of key neurocognitive networks in other at-risk pediatric groups as well as clinical populations. Understanding the neural dynamics underlying positive adaptation to trauma and stress in early life will aid in the development of interventions that focus on strengthening resilience, in addition to mitigating already-present psychological and emotional problems.
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